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Dishevelled signaling plays a critical role in the control of cell intercalation during convergent extension in vertebrates. This
study presents evidence that Dishevelled serves a similar function in the Ciona notochord. Embryos transgenic for mutant
Dishevelled fail to elongate their tails, and notochord cells fail to intercalate, though notochord cell fates are unaffected.
Analysis of mosaic transgenics revealed that the effects of mutant Dishevelled on notochord intercalation are cell-
autonomous in Ciona, though such defects have nonautonomous effects in Xenopus. Furthermore, our data indicate that
notochord cell intercalation in Ciona does not require the progressive signals which coordinate cell intercalation in the
Xenopus notochord, highlighting an important difference in how mediolateral cell intercalation is controlled in the two
animals. Finally, this study establishes the Ciona embryo as an effective in vivo system for the study of the molecular
control of morphogenetic cell movements in chordates. © 2002 Elsevier Science (USA)
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Ascidians are simple chordates which have long been
recognized as a close relative to the vertebrates due to
morphological similarities at embryonic stages (Foster,
1869), and a variety of molecular studies in Ciona intesti-
nalis have recently confirmed this relationship (Corbo et
al., 2001; Di Gregorio and Levine, 1998). For example, the
neural tube of Ciona is patterned along its dorsoventral axis
in much the same way as the vertebrate neural tube (Corbo
et al., 1997a) even though it does not give rise to neurons
(Meinertzhagen and Okamura, 2001). Likewise, the mo-
lecular mechanisms controlling the specification of noto-
chord cell fate are conserved in Ciona and vertebrates
(Cunliffe and Ingham, 1999; Takahashi et al., 1999; Yasuo
and Satoh, 1998). As such, the ascidian embryo provides a
simple organism in which to study vertebrate cell-fate
specification (Corbo et al., 2001). We were interested in
examining the possibility that the molecular mechanisms
controlling morphogenetic cell movements may be simi-
larly conserved.
1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. Fax: (510) 643-0012-1606/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.Gastrulation in vertebrates involves a wide variety of
morphogenetic processes. For example, normal Xenopus
development involves migration of head mesoderm, epiboly
of the animal cap, invagination of bottle cells, involution of
mesoderm, and convergent extension of dorsal tissues (Ger-
hart and Keller, 1986). Similarly, invagination, involution,
and convergent extension also characterize morphogenesis
of the ascidian larva (Satoh, 1978; Swalla, 1993). Of these,
the process of convergent extension has received the most
attention, and convergent extension in Xenopus has been
examined in particular detail (Domingo and Keller, 1995;
Elul and Keller, 2000; Keller and Danilchik, 1988; Keller et
al., 2000; Lane and Keller, 1997; Shih and Keller, 1992a,b).
Convergent extension in Xenopus involves the intercala-
tion of cells along the mediolateral axis, resulting in the
elongation of the tissue in the anteroposterior axis (Keller et
al., 2000; Shih and Keller, 1992b). Morphogenesis of the
notochord in Ciona involves a process of convergent exten-
sion not unlike that observed in Xenopus. After gastrula-
tion, the first phase of axis elongation in ascidians is driven
by mediolaterally directed intercalation of notochord cells
(Figs. 1A and 1a) (Cloney, 1964; Conklin, 1905; Miyamoto
and Crowther, 1985; Munro and Odell, 2002b). A second
phase of tail elongation involves the vacuolation and exten-
sion of individual cells. An important difference between6334. E-mail: hueco@uclink4.berkeley.edu.329
notochord cell intercalation in Xenopus and Ciona is the
level of complexity. Only 40 cells from 2 fixed lineages
(descended from four blastomeres at the 32-cell stage)
contribute to the notochord in Ciona (Conklin, 1905; Corbo
et al., 1997b), as compared to many hundreds of cells in
Xenopus. This simple notochord makes the ascidian an
attractive animal in which to study cell intercalation.
Recent work has identified Dishevelled and the planar
cell polarity (PCP) signaling cascade as critical to the
control of convergent extension and axis elongation in
Xenopus (Darken et al., 2002; Tada and Smith, 2000;
Wallingford and Harland, 2001; Wallingford et al., 2000,
2001b), zebrafish (Heisenberg et al., 2000; Topczewski et
al., 2001), and mice (Kibar et al., 2001; Murdoch et al.,
2001). In this report, we used mutants of Dishevelled which
are known to disrupt convergent extension in Xenopus to
test the possibility that PCP signaling may control noto-
chord cell intercalation in Ciona.
Using the Ciona brachyury promoter to drive expression
in the notochord (Fig. 1B), we show that mutants of Dishev-
elled strongly suppressed intercalation of notochord cells in
transgenic Ciona, indicating that Dishevelled signaling is a
conserved mechanism controlling notochord cell intercala-
tion across the chordates. The inducible defects in noto-
FIG. 1. System and methods for studying genetic control of axis elongation in ascidians. (A) Convergent extension of the ascidian
notochord by mediolateral cell intercalation. During axis elongation, notochord cells crawl between one another specifically along the
mediolateral axis, eventually forming a single row of cells which is much narrower and much longer. (a) A diagram illustrating cell
intercalations of notochord cells from (A). Cells of the left and right sides of the embryo have been colored white and gray to illustrate their
stacking by intermingling with mediolateral neighbors. (B) A transgenic Ciona tadpole in which the 4.5-kb Ci-Bra promoter is driving GFP
reveals that this promoter can be used to drive expression exclusively in notochord cells and not in surrounding paraxial tissue. (C) To test
the effects of Xdsh and PCP signaling on notochord morphogenesis, we use the Ci-Bra promoter to drive expression of mutant dishevelled
constructs. Xdsh-D2 and Xdsh-D4 both disrupt PCP signaling and convergent extension (Wallingford et al., 2000), but have opposite effects
on canonical Wnt signaling (Rothba¨cher et al., 2000; Sokol, 1996).
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chord intercalation made it possible to test for effects upon
neighboring cells both within the notochord and in nearby
tissues. Analysis of mosaic transgenic embryos revealed
that the intercalation defect was cell-autonomous within
the notochord, a sharp contrast to the situation in Xenopus
where notochord intercalation requires the propagation of
short range signals between cells. This difference may have
important implications for the mechanisms by which in-
tercalation is coordinated in Ciona and Xenopus. Finally,
this study establishes the Ciona embryo as an effective and
simple system in which to study not only cell fate and
specification, but also the cell biology underlying chordate
morphogenesis.
MATERIALS AND METHODS
Ascidians
Adult C. intestinalis were collected from Pillar Point Harbor in
San Mateo County, California, under scientific permit of the State
of California Department of Fish and Game. These animals were
kept in recirculating natural seawater at 18°C, and sperm and eggs
were collected within 2 weeks.
FIG. 2. Mutant Dishevelled expression inhibits notochord cell intercalation. (A) The Ci-Bra promoter drives expression of LacZ (blue
staining) in some trunk mesenchyme (blue arrowheads) and strongly in notochord cells (black arrows). (a) High-magnification view. All
notochord cells have intercalated into a single row of cuboidal cells (black arrows), flanked by elongate muscle cells which do not stain for
lacZ (red arrowheads). Mosaic incorporation of the transgene results in some cells of the notochord being labeled and others not. (B)
Embryos expressing Xdsh-D2 in the notochord develop with severely shortened tails. (b) High-magnification view of the embryo in (B): cells
of the notochord, revealed by expression of coelectroporated Ci-Bra-LacZ, have failed to intercalate and remain clustered in several rows.
Adjacent muscle cells (red arrowheads) are have rearranged into a single row. (C) Xdsh-D4-expressing embryos also develop with severely
shortened tails, as cells fail to intercalate (c).
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Transgenes and Electroporations
Transgenic constructs were built in the Ciona electroporation
plasmid p72–1.27 (Corbo et al., 1997b). A segment of genomic
DNA, including the 3.5-kb 5 flanking regulatory region of Ciona
Bra plus the first 51 bp of the native Bra ORF (Corbo et al., 1997b),
was isolated as a HindIII–PstI fragment. This was ligated to a
PstI–SalI linker: CTGCAGGTCGAC. This was in turn ligated to
SalI–NotI fragments containing the coding regions of the Xdsh-
eGFP, Xdsh-D2-eGFP, and Xdsh-D4-eGFP fusion genes (Roth-
ba¨cher et al., 2000). These were produced as PCR products by using
the error correcting Pfu polymerase (Stratagene) and oligonucleo-
tide primers terminated by the appropriate restriction sites:
XdshUp, GACTGTCGACGAATGGCGGAGACTAAAGTG and
XdshDown, GTCAGCGGCCGCAGGGCTGCAGAATCTAGAG-
GC. The resultant constructs code for fusion proteins with 17
amino acids of Ciona Bra and 5 amino acids of linker fused to one
of the three Xdsh-eGFP constructs. Plasmids were verified by
sequencing with the Big-Dye Terminator Cycle Sequencing Ready
Reaction Kit and an ABI Prism 377 DNA Sequencer (Perkin-Elmer).
Embryos were electroporated at the one-cell stage as described
by Corbo et al. (1997a). Aliquots of 100 g of each experimental
plasmid DNA were used in each electroporation. When lacZ
staining was required to mark cells, between 50 and 100 g of
additional reporter plasmid was included in coelectroporations.
Although incorporation of electroporated plasmids is often mosaic
in these experiments, coelectroporation leads to coexpression in
greater than 95% of the embryos (data not shown). Embryos were
allowed to develop for 16 h postfertilization at 15°C. Embryos were
fixed and stained according to Corbo et al. (1997a).
RESULTS
Expression of Mutant Dishevelled Disrupts Cell
Intercalation in the Notochord
Mutants of Xenopus Dishevelled (Xdsh) which lack all or
part of the PDZ domain (Xdsh-D2 and Xdsh-D4; see Fig. 1C)
strongly inhibit convergent extension in Xenopus by dis-
rupting the stability and polarity of the lamellipodia which
drive these cell movements (Wallingford et al., 2000). To
examine the effects of these mutants specifically in noto-
chord cells in vivo, we placed each mutant of Xdsh behind
the 3.5-kb Ciona Brachyury (Ci-Bra) enhancer, which drives
expression in the notochord beginning at the 64-cell stage
in Ciona (Fig. 1B) (Corbo et al., 1997b).
Embryos transgenic for Ci-Bra-GFP (Fig. 1B) or Ci-Bra-
LacZ (Fig. 2A) developed normally. On the other hand,
embryos transgenic for Ci-Bra-Xdsh-D2 developed with
severely shortened tails (Fig. 2B). Despite the failure of tail
elongation, a morphologically distinct population of noto-
chord cells was always visible (Figs. 2B and 2b). This
phenotype is similar to that of chobi mutants of Ciona
savigni (Nakatani et al., 1999). In embryos transgenic for
Ci-Bra-LacZ, all LacZ-positive notochord cells become in-
corporated into a single row (Figs. 2A and 2a), flanked on
either side by tail muscle cells (Fig. 2a, red arrowheads). In
contrast, LacZ-positive cells in Ci-Bra-Xdsh-D2 transgenics
remained clustered together (Figs. 2B and 2b), indicating a
failure of cell intercalation.
Dishevelled lies at the branchpoint of several signaling
pathways (Boutros and Mlodzik, 1999). Deletion analysis of
Dishevelled has resulted in constructs which differentially
affect distinct signaling properties of the protein (Axelrod et
al., 1998; Boutros et al., 1998; Rothba¨cher et al., 2000;
Sokol, 1996; Wallingford et al., 2000). For example, the
Xdsh-D2 deletion has been shown to be functional for
canonical Wnt signaling, but is strongly inhibitory for PCP
signaling and convergent extension. On the other hand, the
Xdsh-D4 deletion (also called Xdd1) inhibits both canonical
Wnt signaling and convergent extension. Transgenic Ciona
expressing Ci-Bra-Xdsh-D4 also failed to elongate their
tails, and the notochord cells failed to intercalate (Figs. 2C
and 2c). Despite the opposite effects of these two con-
structs on canonical Wnt signaling, both strongly suppress
cell intercalation in the notochord, suggesting that this
effect is independent of canonical Wnt signaling. This
result is consistent with the established role of PCP signal-
ing in convergent extension in vertebrates (McEwen and
Peifer, 2000) and also with the expression of Prickle, a gene
in the PCP pathway, in the Ciona notochord (Hotta et al.,
2000).
Mutant Xdsh Does Not Alter Notochord Cell Fates
Defects in morphogenetic movements following experi-
mental manipulations can occur via two different mecha-
nisms: a primary effect on cell fate which has a secondary
effect on morphogenesis or a primary effect on tissue
behavior which affects morphogenesis directly (Wallingford
et al., 1997). For example, ventral mesoderm in Xenopus
undergoes significantly less convergent extension than dor-
sal mesoderm (Keller and Danilchik, 1988), so manipula-
tions which ventralize dorsal mesoderm will secondarily
inhibit axial elongation (Gerhart et al., 1989). Likewise,
expression of the transcription factor Bix in Ciona noto-
chord cells inhibits the acquisition of notochord cell fate,
and as a result inhibits axis elongation (Di Gregorio et al.,
2002).
To determine whether cell-fate specification was dis-
rupted by Dishevelled constructs, we monitored the expres-
sion of LacZ driven by tissue-specific enhancers (Corbo et
al., 2001; Di Gregorio and Levine, 1998). For example, in
Ci-Bra-Bix transgenic embryos which fail to make differen-
tiated notochord tissue, very little Ci-Bra-LacZ expression
is observed (Di Gregorio et al., 2002). On the other hand,
Ci-Bra-Xdsh-D2 and Ci-Bra-Xdsh-D4 transgenics both ex-
press normal levels of Ci-Bra-LacZ compared with control
embryos (Figs. 2B and 2C), indicating that early cell fate in
the notochord is not disrupted.
To assess cell fate further in the notochords of Xdsh-D2
transgenics, we examined expression of the Ci-
tropomyosin-like (Ci-trop) enhancer, which drives expres-
sion in the notochord at later stages (Di Gregorio and
Levine, 1999). Embryos transgenic for Xdsh-D2 express high
levels of Ci-Trop-LacZ, indicating that cell-fate specifica-
tion in the notochord is not inhibited by Xdsh-D2. Ci-Bra-
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Xdsh-D2 transgenics also express Ci-Fkh-LacZ (Figs. 3C and
3D), an additional marker of late-stage notochord cells (Di
Gregorio et al., 2001). Failure of convergent extension in the
absence of dramatic changes in cell fate is also observed
following disruption of Xdsh signaling in Xenopus (Sokol,
1996).
The strong expression of notochord markers in Xdsh-D2
transgenics is in stark contrast to the total lack of noto-
chord marker expression in Ci-Bra-Bix transgenics (Di Gre-
gorio et al., 2002). As such, we can now identify two
distinct pathways that inhibit tail elongation in Ciona, one
blocking notochord cell fate specification (e.g., by expres-
sion of Bix) and another blocking notochord cell intercala-
tion (e.g., by expression of Xdsh-D2 or Xdsh-D4). A similar
distinction has been made between chomangue and chobi
mutants in C. savigni (Nakatani et al., 1999).
Normal Axis Elongation Requires Cooperation
between Several Tissues
In amphibians, endodermal cells rearrange to generate
elongation forces during axis extension (Drawbridge and
Steinberg, 2000; Larkin and Danilchik, 1999). To assess the
affects of disrupted notochord cell intercalation on the
elongation of adjacent endodermal strand, we examined the
expression of the Ci-Fkh enhancer (Di Gregorio et al., 2001),
which drives expression in both notochord and endodermal
strand cells. In control embryos, large cuboidal notochord
cells and the smaller narrower endodermal strand cells just
ventral to the notochord can be distinguished (Figs. 3C and
3c). Both tissues can be identified in Ci-Bra-Xdsh-D2 trans-
genics, though both tissues are shorter and broader (Figs. 3D
and 3d). Because Xdsh-D2 expression is restricted to the
notochord in Ci-Bra-Xdsh-D2 transgenics, this result indi-
cates that the endodermal strand elongation in Ciona
requires normal notochord elongation.
The posterior neural ectoderm of Xenopus has been
shown to undergo autonomous convergent extension
driven by mediolateral cell intercalation (Elul and Keller,
2000; Keller et al., 1992), and similar intercalations are
observed in the Ciona nerve cord as it elongates during
neurulation (Nicol and Meinertzhagen, 1988). Nerve cord
morphogenesis in Ciona can be monitored by expression of
a different fragment of the Ci-Fkh enhancer (Figs. 4A and
4D) (Di Gregorio et al., 2001). In Ci-Bra-Xdsh-D2 transgenic
Ciona embryos, the nerve cord elongates significantly and
is visible as a narrow cord (Figs. 4B and 4C) usually one cell
in width (Fig. 4E, arrowheads), despite the failure of inter-
calation in neighboring notochord cells (Fig. 4e, black
arrows). This result indicates that nerve cord elongation is
independent of notochord cell intercalation. Though cells
of the nerve cord do intercalate in Ci-Bra-Xdsh-D2 trans-
genics, they do not generate enough force to elongate the
tail. This result is consistent with previous reports in
Xenopus, where neural convergent extension is unable to
elongate the A/P axis when mesodermal convergent exten-
sion is blocked (Wallingford and Harland, 2001). Likewise,
neural tissue fails to elongate the axis of ascidians lacking
notochords (Di Gregorio et al., 2002; Reverberi et al., 1960).
In Xdsh-D2 transgenics in which convergent extension in
the notochord has failed, neighboring muscle cells do rear-
range normally (Fig. 2b). Interestingly, the individual
muscle cells are themselves consistently less elongate (Figs.
2a–2c, arrowheads). This finding parallels the result of
ablation experiments in ascidians, where muscle cells iso-
lated from the notochord rearranged, but failed to elongate
(Munro and Odell, 2002a). A similar autonomy of muscle
cell intercalation is observed in Xenopus (Wilson et al.,
1989).
Together, these data suggest that, in both Xenopus and
Ciona, the autonomous extension of multiple mesodermal
and neural tissues is required for normal axis elongation.
Effects of Mutant Xdsh Are Cell-Autonomous
The data here indicate that PCP signaling controls cell
intercalation in the Ciona notochord. Some PCP compo-
nents, such as frizzled, exert nonautonomous effects on
planar polarity (Adler et al., 2000; Vinson and Adler, 1987),
but Dishevelled controls planar cell polarity in a cell-
autonomous manner in Drosophila (Theisen et al., 1994).
Surprisingly, previous experiments in Xenopus indicated
that disruption of Xdsh signaling may have nonautonomous
effects on cell intercalation (Sokol, 1996). However, the
complex notochord of the large Xenopus embryo makes in
vivo analysis of individual cells within the tissue difficult.
We were able to address this issue in Ciona by using mosaic
transgenics expressing Xdsh-D2. Because Xdsh-D2 is fused
to GFP, individual Xdsh-D2-expressing cells can be visual-
ized in the simple notochord and easily discerned from
nonexpressing neighbor cells. We find that the effects of
mutant Xdsh are cell-autonomous in the Ciona notochord.
In cases where only a subset of notochord cells are labeled
with GFP, other notochord cells intercalate efficiently,
forming a single line of cells that often curves around the
cluster of labeled cells that failed to intercalate (Fig. 5).
Furthermore, both Xdsh-D2 and Xdsh-D4 transgenic em-
bryos were observed in which large sections of the noto-
chord intercalated normally (Fig. 6, arrowheads), while
other sections displayed severe defects in cell intercalation
(Fig. 6, red arrows).
In addition to cases where the left side of the notochord
remained clustered while the right side intercalated nor-
mally (Fig. 5), we observed several cases in which interca-
lation of the anterior notochord cells was blocked (Fig. 6B,
red arrow), while posterior cells intercalated into a single
row flanked by muscle cells (Fig. 6B, arrowhead). Con-
versely, we observed several cases in which posterior cells
failed to intercalate, but anterior cells were normal (Fig.
6C). Finally, we occasionally observed cases in which two
domains of disruption were observed with normally inter-
calated cells in between (Fig. 6D). These data indicate that
all anteroposterior levels of the notochord undergo interca-
lation autonomously.
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FIG. 3. Defects in cell intercalation are independent of changes in notochord cell fate. (A) Normal expression of the late-stage notochord
marker Ci-trop-LacZ (blue staining, black arrows) in a transgenic embryo. (B) Ci-trop LacZ is expressed normally in embryos doubly
transgenic for Ci-Bra-Xdsh-D2, indicating that this Xdsh construct does not inhibit notochord cell fate. (C) Normal expression of the
1.7Fkh promoter driving LacZ in the notochord and endodermal strand of a transgenic embryo. (c) High-magnification view reveals
wild-type expression in the notochord (black arrows) and in the adjacent endodermal strand (red arrowheads). (D, d) Expression of the
1.7Fkh promoter in both notochord and endodermal strand is unaffected in Ci-Bra-Xdsh-D2 transgenics. However, both notochord and
endodermal strand fails to elongate.
FIG. 4. Cell intercalation in the nerve cord is independent of cell intercalation in the notochord. (A) Expression of the 1.1Fkh promoter
in a transgenic embryo. LacZ (blue stain) is expressed in the central nervous system and the dorsal nerve cord (red arrowheads), and weakly
in the notochord (black arrows) and in some tail muscle cells (blue arrowhead). It should be noted that this enhancer drives expression in
two separate populations at the lateral edges of the nerve cord, each of which forms a single line of cells by intercalation (Di Gregorio et
al., 2001; Nicol and Meinertzhagen, 1988). In these figures, the single row of labeled nerve cord represents only one of these populations.
(B, C) The nerve cord elongates efficiently in Ci-Bra-Xdsh-D2 transgenics, indicating that nerve cord intercalation does not require
notochord elongation. (D) In a high-magnification view of a control embryo, the morphological difference between notochord cells and
nerve cord can be discerned. (E) A high-magnification view of the boxed area in (C) reveals that the nerve cord cells in an Xdsh-D2 transgenic
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have formed a single row (red arrowheads). (e). A different focal plane of the boxed region reveals that the nerve cord cells have intercalated
and extended past adjacent notochord cells which have failed to intercalate (black arrows).
FIG. 5. Effects of Xdsh-D2 expression are cell-autonomous. (A) In an embryo transgenic for Ci-Bra-Xdsh-D2, GFP-positive, Xdsh-D2-expressing
cells fail to intercalate, while neighboring unlabeled, wild-type cells intercalate effectively into a single row. Note that this row of notochord cells
is bordered on one side by muscle cells. (B) High-magnification view of (A). (C) Schematic of labeled (green) and unlabeled cells.
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FIG. 6. Absence of directional nonautonomous effects on cell intercalation in the notochord. (A) Control embryo expressing
Ci-Bra-LacZ. (B) An embryo expressing Xdsh-D2 and Ci-Bra-LacZ in the notochord; anterior notochord cells have failed to intercalate
(red arrow), but posterior cells have intercalated normally (black arrowhead). (C) Another Xdsh-D2-expressing embryo in which
anterior cells have intercalated normally, but posterior cells have failed. (D) An Xdsh-D4/Xdd1-expressing embryo in which two
domains of disrupted intercalation can be seen (red arrows) with a domain of normally intercalated cells in between (black arrowhead).
The muscle cells flanking both sides of the single row of intercalated notochord cells confirm that normal notochord cell intercalation
has occurred in this region.
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DISCUSSION
The present study reveals similarities and interesting
differences between mechanisms of cell intercalation and
axis elongation in chordates. We show that expression of
mutant Dishevelled in the ascidian notochord severely
disrupts notochord cell intercalation without disrupting
notochord cell fate (Figs. 2 and 3). This result demonstrates
that dishevelled signaling is a conserved regulator of cell
intercalation. Likewise, the autonomy of neural and meso-
dermal cell intercalation (Fig. 4), and the requirement for
both tissues in normal axis elongation appear to be com-
mon features of chordate morphogenesis (Keller and Da-
nilchik, 1988; Wallingford and Harland, 2001). In contrast,
the requisite progression of cell intercalations from anterior
to posterior in Xenopus mesoderm does not appear to have
been retained in the Ciona notochord (Fig. 6), perhaps
suggesting that this aspect of morphogenesis is dispensable
for intercalation in small cell populations.
Cell Polarity and Dishevelled Function in
Mediolateral Cell Intercalation
Convergent extension by cell intercalation is a common
mechanism for elongating animal tissues. Examination of
this process in various tissue types and in different animals
has revealed subtle differences in the mechanism (Keller et
al., 2000). For example, convergent extension in the noto-
chord of Xenopus involves bipolar, mediolaterally directed
protrusive activity in a mesenchymal cell population (Shih
and Keller, 1992a). The analogous process in the ascidian
notochord involves similar bipolar protrusive activity
among cells in a monolayer epithelium (Munro and Odell,
2002b). In contrast, the posterior neural epithelium of
Xenopus uses monopolar, medially directed protrusions to
accomplish intercalation (Elul and Keller, 2000). In each of
these tissues, disruption of Dishevelled signaling inhibits
convergent extension (Fig. 2) (Wallingford and Harland,
2001). The common requirement for Dsh function in all of
these cell types suggests that Dsh plays a fundamental role
in establishing cell polarity during intercalation.
Our previous work suggested that Xdsh function was not
required for the expression of protrusive activity but instead
was required to polarize and stabilize the protrusions (Wall-
ingford et al., 2000). Recent ablation experiments in ascid-
ians have shown that, while protrusive activity occurs
autonomously in notochord cells, mediolateral polarization
of protrusive activity requires signals from neighboring
tissues (Munro and Odell, 2002a). Together, these findings
suggest that PCP signaling is involved in the integration of
extrinsic polarizing signals into programs of cell motility in
the notochord.
A major unresolved issue concerning PCP signaling and
cell polarity in both vertebrates and in Drosophila is the
source of polarizing signals. Taking advantage of the rela-
tively simple anatomy of the ascidian embryo, experimen-
tal manipulations may help to resolve at least the embryo-
logical source of this polarity. In recombination
experiments in ascidians, the presence of muscle cells can
orient the intercalation of notochord cells (Munro and
Odell, 2002a). Likewise, we find that when Dsh function is
disrupted in a subset of notochord cells, the normal cells
intercalate effectively, forming a single row always bor-
dered on at least one side by muscle cells (Figs. 5 and 6). In
addition, signals from the neural plate are sufficient to
properly orient intercalation of notochord cells in ascidians
(Munro and Odell, 2002a), which may explain our previous
finding that ablation of neural ectoderm inhibits notochord
elongation in Xenopus (Wallingford and Harland, 2001).
Together, these results suggest that establishment of polar-
ity for mediolateral intercalation involves multiple inputs
from a variety of tissues. This may help explain the co-
dependence of tissues involved in axis elongation.
Autonomy of Dsh Function in Cell Intercalation
The cell autonomy of the mutant Xdsh effects in Ciona
and the apparent nonautonomy of these effects in Xenopus
may reflect important differences in how mediolateral
intercalation is coordinated in the two animals. In Xenopus,
mediolateral intercalation of notochord cells begins in the
anterior-most cells, and propagates posteriorly via short-
range signals (Fig. 7A) (Domingo and Keller, 1995; Shih and
Keller, 1992b). As such, inhibition of mediolateral interca-
lation in anterior cells blocks this behavior in more poste-
rior cells (Lane and Keller, 1997). In previous reports,
expression of mutant Xdsh in anterior cells was shown to
inhibit convergent extension of the entire anteroposterior
axis (Sokol, 1996). This nonautonomous effect of Xdsh may
reflect simply an initial failure of anterior cell intercalation.
On the other hand, such nonautonomous effects may be
related to the directionally nonautonomous effects of cer-
tain PCP mutants in Drosophila (Adler et al., 2000; Gubb et
al., 1999).
Regardless, nonautonomous effects were not observed
following expression of mutant Dishevelled in the Ciona
notochord (Figs. 5 and 6), and the obligate anterior-to-
posterior progression of mediolateral intercalation behav-
iors does not appear to have been retained in ascidians (Fig.
7B). Though such progression is seen under certain experi-
mental conditions, progressive intercalation is not consis-
tently observed in normal ascidians (Munro and Odell,
2002a,b). This anteroposterior progression in Xenopus may
be an adaptation to the complexity of the system, where
many hundreds of cells must be coordinated. Alternatively,
the progression in Xenopus may only reflect a need for
fluidity in the tissue to allow intercalation to be coordi-
nated with involution (Moore et al., 1995). The much
simpler 40-cell notochord of Ciona may not have a need for
such coordination, instead intercalating simultaneously
along its entire length (Fig. 7B). Recently, long-range waves
of calcium release have been suggested to be involved in
coordinating the complex movements of mediolateral in-
tercalation in fish and frogs (Gilland et al., 1999; Walling-
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ford et al., 2001a). It will be interesting to see whether such
waves are involved in the much simpler intercalation
process in Ciona.
A Broad Role for PCP Signaling in Chordate
Morphogenesis
Studies of intercalation in different cell populations have
generated important insights into the mechanisms under-
lying the morphogenesis of animal embryos (Elul and
Keller, 2000; Irvine and Wieschaus, 1994; Keller and Har-
din, 1987; Shih and Keller, 1992a). One interesting thread
that has arisen is the remarkable degree to which PCP
signaling is required for axis elongation in different chor-
dates, despite their vastly different morphogenetic pro-
grams. Frogs, fish, and ascidians all use mediolateral inter-
calation for axis elongation. (Keller and Tibbetts, 1989;
Miyamoto and Crowther, 1985; Wood and Thorogood,
1994), and disruption of PCP signaling inhibits axis elonga-
tion in each of these animals (this report; Heisenberg et al.,
2000; Wallingford and Harland, 2001). In both frogs and fish,
PCP signals have been shown to control directly the cell
behaviors which drive intercalation (Topczewski et al.,
2001; Wallingford et al., 2000). Remarkably, even in the
mouse, where directed cell division plays a prominent role
in axis elongation, mediolateral intercalation appears to be
involved and PCP signals are required for normal axis
elongation (Kibar et al., 2001; Murdoch et al., 2001; Sausedo
and Schoenwolf, 1994; Smith and Stein, 1962; Sulik et al.,
1994). Continued examination of intercalation in different
cell populations should continue to reveal interesting simi-
larities as well as novel and important differences in the
mechanisms underlying chordate axis elongation.
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